We tested the hypothesis that ex vivo hepatocyte gene therapy can correct the metabolic disorder in fumarylacetoacetate hydrolase-deficient (Fah 
INTRODUCTION
Hereditary tyrosinemia type 1 (HT1) is an autosomal recessive inborn error of metabolism, caused by deficiency in fumarylacetoacetate hydrolase (FAH), an enzyme that catalyzes the last step of tyrosine metabolism (1, 2) . Absence of FAH causes accumulation of fumarylacetoacetate, resulting in mutagenic, cytostatic, and acutely apoptotic events within the cell (3) (4) (5) . Acute onset of HT1 is characterized by severe liver dysfunction (6) , most frequently leading to death, if untreated. The chronic form of HT1 is characterized by progressive liver disease, typically severe fibrosis and hepatocellular carcinoma. The most common treatment for HT1 is a low-tyrosine diet combined with administration of 2-(2-nitro-4-trifluoromethylbenzyol)-1,3 cyclohexanedione (NTBC) (7), a potent inhibitor of 4-hydroxyphenylpyruvate dioxygenase, an enzyme in the tyrosine metabolic pathway. However, some patients are refractory to NTBC therapy, and those on NTBC remain at increased risk of several conditions, including cirrhosis, hepatocellular carcinoma, and impaired intellectual development (8) . Therefore, liver transplantation remains the only curative therapy for this disease.
We have recently demonstrated that transplantation of wild-type syngeneic hepatocytes can correct metabolic disease in FAH-deficient (Fah −/− ) mice, a model of HT1 (9) . We were able to show that regenerating hepatocytes in this mouse model can be noninvasively imaged using the sodium-iodide symporter (Nis) gene to label the cells. NISpositive cells can take up radiolabeled iodine, or its analogs, and therefore be imaged using single-photon emission computed tomography (SPECT) or positron emission tomography (PET). This study in rodents therefore corroborated previous data demonstrating the potential efficacy of hepatocyte transplantation in treating metabolic liver diseases (10, 11) . To further test the efficacy of cell transplantation in a clinically relevant setting, we looked toward a large animal model of HT1: the previously generated and characterized Fah −/− pig (12, 13) . In the absence of NTBC, Fah −/− pigs undergo acute liver failure that is characterized by diffuse and severe hepatocellular damage (12) . When Fah −/− pigs are cycled on and off low-dose NTBC, animals undergo progressive clinical decline that results in chronic liver failure and severe fibrosis (14) . Fah −/− pigs therefore provide a unique genetically engineered large animal model of a metabolic disease to test regenerative therapies, such as ex vivo gene therapy.
After some successful ex vivo gene therapy interventions in small animal models of liver disease, including a rabbit model of familial hypercholesterolemia (15) , a single clinical trial of ex vivo gene therapy was undertaken nearly two decades ago using a gammaretroviral vector to treat five patients with familial hypercholesterolemia by modifying autologous primary hepatocytes (16) . Although a modest therapeutic benefit was observed in some of the patients, this approach was limited by poor transduction efficiencies using gammaretroviruses and limited engraftment of corrected cells. As a result, no further clinical trials using ex vivo gene therapy for liver disease have occurred. More recently, however, the success of ex vivo gene therapy in hematopoietic stem cells for treating hematological disorders using lentiviral vectors (LV) (17, 18) raises the possibility that similar success can be achieved in treating metabolic liver diseases. LVs have a number of key advantages for hepatocyte gene therapy, including the ability to infect nondividing cells, sustained gene delivery through integration, and safer integration site profiles than those of gammaretroviruses (19) . The efficacy of such an approach has been demonstrated in a small animal model of HT1 (20) . Here, we demonstrate that ex vivo gene therapy in autologous hepatocytes can prevent liver failure and correct metabolic function in Fah −/− pigs, setting the stage for translation of this approach to human metabolic liver diseases.
RESULTS
Allogeneic hepatocyte transplantation cannot correct metabolic disease in Fah −/− pigs To date, the vast majority of human hepatocyte transplantations for metabolic liver diseases have been of allogeneic source (21, 22) . To simulate clinical human hepatocyte transplantation, we tested the efficacy of allogeneic hepatocyte transplant in Fah −/− pigs. We first characterized the genetic loci governing the pig swine leukocyte antigen (Sla) and Fah genes (23, 24) . The Sla gene complex is located on Sus scrofa chromosome 7 (SSC7), with class I on the short (p) arm and class II on the long (q) arm, spanning the centromere. Our data predicted that Fah is located on the long arm of SSC7, telomeric to the Sla class II region, about 27 million base pairs from the major histocompatibility complex class II antigen Sla-Drb1 gene ( fig. S1A) S1D ). On the basis of these results, we focused the remaining experiments on using gene therapy in autologous hepatocytes.
Ex vivo hepatocyte gene therapy corrects HT1 in mice A vesicular stomatitis virus glycoprotein G-pseudotyped LV was produced that expressed the porcine Fah cDNA under the control of a liver-specific promoter containing the human thyroxine-binding globulin (TBG) promoter and two copies of the a1-microglobulin/bikunin enhancer (referred to as TBG throughout) (Fig. 1A) (25) . To test the efficacy of this vector in vivo, we first transplanted donor Fah −/− mouse hepatocytes that were transduced with LV-Fah into syngeneic Fah −/− mice by intrasplenic injection (Fig. 1B) . NTBC was withheld periodically (mice were on NTBC from days 15 to 20 and 43 to 48 after transplant) to allow expansion of transplanted cells (26) . Two mice were euthanized, and the livers were harvested at three time points: days 14, 40, and 148 after transplantation (Fig. 1B) . All recipient Fah −/− mice showed engraftment of LV-transduced hepatocytes, and there was substantial, albeit nonhomogeneous, expansion of the cells at the two later time points, indicating differences in initial engraftment of cells between lobes (Fig. 1,  C and D) . In mouse livers harvested at day 148, there was almost complete repopulation of the host tissue by LV-transduced hepatocytes. Liver cell repopulation corresponded with normalization of biochemical indicators of liver function in Fah −/− mice, whereas mice receiving no cell transplants had severely impaired liver function and disease (Fig. 1E ).
Ex vivo hepatocyte gene therapy was tested in four Fah −/− pigs On the basis of promising results in mouse models of HT1, we proceeded to testing ex vivo gene therapy in the pig model of HT1 (Fig. 2A) . Our group had previously demonstrated the benefit of dexamethasone in increasing LV transduction in mouse hepatocytes ex vivo (9) . Using this protocol,~80% of primary pig hepatocytes were transduced with an LV at a multiplicity of infection (MOI) of 2000 physical lentiviral particles (LPs), and~60% of cells were transduced at an MOI of 500 LPs (Fig. 2B) .
A total of four Fah −/− pigs underwent ex vivo gene therapy for this study (table S1 and Fig. 2A ). Animals underwent a partial liver resection by midline laparotomy. About 10% of the liver was removed and hepatocytes were isolated, with cell viability after purification ranging from 88 to 92%. Hepatocytes were transduced with one or both of LV-Fah and LV-Nis (to use to track the cells noninvasively) in suspension. FAH expression was confirmed in transduced hepatocytes from all four donors (Fig. 2C ). Viability and plateability of hepatocytes were confirmed after LV transduction, and no differences were observed between control and transduced cells (Fig. 2D ). After LV transduction, between 350 and 864 million live cells were injected through the portal vein, either by direct catheterization of the portal vein or using ultrasound guidance to inject hepatocytes percutaneously ( fig. S2 and movie S1). No adverse events were encountered with the surgery, and all animals were ambulatory and feeding within 24 hours.
LV-transduced hepatocytes engraft and proliferate in vivo in pigs
All animals remained on NTBC for 48 hours after surgery ( Fig. 2A) . At this point, NTBC was removed from the diet to stimulate expansion of transplanted cells. Animals were cycled on and off NTBC until weight stabilization occurred. From this point on, animals did not receive NTBC. Two animals (Y707 and Y846) were euthanized early in the study to test the efficacy of the ex vivo gene therapy approach in pigs and to determine whether a selective advantage for FAH + cells exists in this model. Both animals appeared to achieve weight stability off NTBC (Fig. 3A) , indicating that expansion of transplanted cells had occurred. In contrast to a nontransplanted 
Fah
−/− pig (L768), robust FAH expression was detected in Y707 and Y846 at time of euthanasia (Fig. 3B ). Individual clusters of FAH + cells were evident within the lobules of the pig parenchyma, consistent with expansion of single engrafted cells (Fig.  3C ). Masson's trichrome staining revealed no evidence of severe fibrosis in either animal, and no major pathology was observed by hematoxylin and eosin (H&E) staining (Fig. 3B) . On the basis of these results, we elected to determine the long-term effect of ex vivo gene therapy in the pig model of HT1.
Ex vivo hepatocyte gene therapy corrects metabolic deficiency in Fah −/− pigs Pigs Y842 and Y845 were studied for 12 months, with one animal euthanized at this time point. The pigs exhibited NTBCrelated weight fluctuations previously noted in Fah −/− mice (27) . Both animals became completely independent of NTBC 95 days (Y842) and 140 days (Y845) after ex vivo gene therapy and hepatocyte transplantation (Fig. 4A) . Consistent with NTBCindependence, these two pigs gained weight and did not manifest any failureto-thrive phenotype that was previously noted in control Fah −/− pigs off NTBC (12 ) were compiled from previous studies (12) . Fah −/− pigs receiving LV-Fah had normal liver function that was characterized by markedly reduced plasma levels of total bilirubin and ammonia, compared to Fah −/− pigs off NTBC (12) (Fig. 4B ). Comparable to wild-type animals (12), Fah −/− pigs that underwent ex vivo gene therapy had considerably reduced levels of both tyrosine and succinylacetone, which are diagnostic for HT1 in humans and pigs (Fig. 4B) . Additionally, plasma concentrations of methionine were reduced in animals Y842 and Y845.
LV-Fah-transduced hepatocytes completely repopulate Fah −/− pig livers To determine the degree of repopulation of LV-Fah-transduced hepatocytes, pig Y845 was euthanized at 12 months after transplantation, and FAH IHC was performed. FAH staining revealed nearcomplete repopulation of the recipient liver by FAH + cells (Fig. 5A ). Individual lobules appeared to be engrafted by one to two FAH + hepatocytes that subsequently proliferated extensively to repopulate the entire lobule. Individual hepatocyte clones were uniquely identified by variations in FAH-staining intensity between and within lobules (Fig. 5A) .
We next determined the average number of LV integrations in the repopulated liver tissue from Y842 and Y845 using quantitative polymerase chain reaction (qPCR). On the basis of this analysis, we calculated an average of 0.13 copies of the LV vector per haploid genome (Fig. 5B) . Given the ploidy content of hepatocytes and the proportion of hepatocytes in the liver, this integration frequency indicates an average of one LV integration per hepatocyte, consistent with the in vitro transduction frequencies (Fig. 2B) . Last, the proportion of cells undergoing proliferation and apoptosis was determined in livers from all pigs using Ki67 and terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL) staining, respectively. All transplanted livers had increased numbers of proliferating cells compared to control pigs, consistent with FAH + cells repopulating the Fah −/− liver ( Fig. 5C and fig. S3 ). No significant increase in apoptosis was detected in transplanted livers compared to controls (Fig. 5D and  fig. S3 ). (Fig. 6A) . Because cells in the liver do not express Nis (9), only LV-Nis-transduced hepatocytes should take up iodine and be detected by PET imaging with [ 18 F]TFB. The ability of LV-Nis-transduced hepatocytes to take up radiolabeled iodide ( 125 I) intracellularly was confirmed initially in vitro (Fig. 6B) .
NIS-labeled hepatocytes
In vivo, in a control wild-type pig, uptake of [ 18 F]TFB was detected only in the stomach and not in the liver (Fig. 6C) , consistent with data from mouse studies (28) . In contrast, pig Y842 demonstrated significant uptake of [ (Fig. 6C ). These PET/CT data were validated by laparoscopic biopsies demonstrating robust expansion of the LV-Fah-transduced hepatocytes in the liver of Y842 (Fig. 5A ).
Repopulation by FAH
+ cells prevents onset of severe fibrosis Although livers from pigs Y707 (analyzed 2 months after transplant) and Y846 (analyzed 4 months after transplant) demonstrated periportal or lobular fibrous connective tissue within normal limits (Fig. 3B) , the long-term effect of ex vivo gene therapy on the onset of fibrosis was unknown. Fah −/− pigs maintained on very low doses of NTBC exhibit significant increases in fibrosis and portal hypertension (14) . In contrast, in both pigs that received FAH-corrected hepatocyte transplants, repopulation of the Fah −/− liver prevented the progression of severe fibrosis (Fig. 7) . In these two pigs, there was a significant decrease in fibrosis, as quantified by Masson's trichrome staining, compared to Fah −/− pigs cycled on and off NTBC (Fig. 7) .
Variation in staining using Masson's trichrome did exist between different lobes in Y845 ( fig. S4) , in which the severity grade for fibrosis was scored by the ) are compiled from previous studies (12) . Individual data points for each animal are plotted with the mean of each group depicted with a line. P values were determined using a two-sided independent t test.
pathologist from minimal (majority of the liver) to moderate (minority of the liver) fibrosis. Variations in the degree of fibrosis appeared to be associated with differences in cell engraftment in different lobes, a characteristic that was also noted between lobes in the mouse experiments (Fig. 1D) . In addition, histopathological analysis of liver tissue revealed no evidence of hepatocellular carcinoma (Figs.  3 and 7) -an important consideration given the potential risk of insertional mutagenesis that has been reported by ex vivo gene therapy approaches with gammaretroviral vectors for treating some primary immunodeficiency diseases (29) .
DISCUSSION
Although the individual incidence of each inborn error of metabolism disorder is rare, it is estimated that 22% of all pediatric liver transplants resulted from metabolic disease (30) . As the shortage of donor organs continues to limit organ transplantation, other therapeutic strategies are urgently required to treat this patient population with debilitating diseases. One potential alternative is hepatocyte transplantation. The results presented here from a large animal model of liver failure demonstrate that ex vivo gene therapy is indeed a potential alternative therapeutic strategy to whole-organ transplantation. Similar to the mouse model (26) and as has been reported in human HT1 patients (31), FAH + cells had the proliferative advantage to expand and repopulate the Fah −/− pig liver under selective NTBC withdrawal. Repopulation of the liver with FAH + cells produced a marked clinical outcome in which amelioration of the HT1 phenotype and prevention of fibrosis were achieved-a compelling finding for HT1 patients who experience severe fibrosis.
Several small-animal models of metabolic liver diseases have been treated successfully by hepatocyte transplantation (10, 11), paving the way for human hepatocyte transplantations to occur (22) . However, nearly all human hepatocyte transplantations to date have involved allogeneic cells. Therefore, in addition to the need for long-term immunosuppression in the patient, results to date suggest that an immune response is still mounted against the transplanted allogeneic cells, causing loss of engrafted cells (32, 33) . Successful application of ex vivo gene therapy in small animal models paved the way for an autologous ex vivo cell therapy approach to treat five patients with familial hypercholesteremia (16) . In recent years, the advent of self-inactivating LV has resulted in the safe and efficacious treatment of several primary immunodeficiencies using ex vivo gene therapy (17, 18) . Here, we confirmed that such an approach could be used to treat metabolic liver disorders. A major restraint of current transplantation techniques is the inability to monitor cells noninvasively and longitudinally after injection, particularly given the ability of hepatocytes to engraft and expand outside of the liver (34) . We previously demonstrated noninvasive threedimensional imaging of regenerating tissue in individual animals over time using NIS as a reporter gene in mouse hepatocytes (9) . Here, we used PET/CT imaging combined with the iodide analog [ 2) were analyzed for integration of LV by qPCR. Total copies of integrated LV per 150 ng of genomic DNA were calculated based on a standard curve. The "integration events per haploid genome" were calculated based on the pig haploid genome size of 2800 Mb. (C) Ki67-positive nuclei were quantified by counting nuclei in 10 random sections per slide in paraffin-embedded tissue sections of pigs Y707, Y846, Y842, and Y845 and a control WT pig. Data are means ± SEM. P values versus control were determined using a two-tailed t test. (D) Hepatocyte apoptosis was quantified in three random paraffin-embedded tissue sections of pigs Y707, Y846, Y842, and Y845 and a control WT pig. Apoptotic nuclei were quantified by counting nuclei in 10 random 20× microscopic slides per tissue section. Data are means ± SEM, with statistical significance versus control determined using one-way analysis of variance (ANOVA), followed by Bonferroni's multiple comparisons test. There are some limitations to this study. First, although the results of these studies demonstrate the efficacy of an ex vivo gene therapy approach, we used only four experimental animals; only two were for the same amount of time. These data need to be reproduced in a larger cohort of animals because pigs, similar to humans-and unlike rodentsare outbred, and phenotypic differences do exist between different animals. Second, in future studies, there is a need to perform more rigorous testing of the insertion site profile of the LV (20) . Although this was not yet possible given the current incomplete annotation status of the pig genome, it would be interesting to compare the insertion profile in pig cells to those of mouse and human hepatocytes, to determine whether any evidence of clonal selection occurs in this model. There are several challenges that will need to be overcome before achieving successful clinical translation for metabolic diseases, in which a selective advantage does not exist for the corrected cell to proliferate. The two principal limitations are cell engraftment and proliferation. Although many protocols have been developed to attempt to overcome these barriers in small and large animals, including preparative irradiation and portal embolization (35) (36) (37) , these protocols have yet to be applied to a suitable preclinical model of metabolic disease. It is our opinion that large animal models, such as the Fah −/− pigs used in this study, the dog model of hemophilia B, and the pig model of familial hypercholesterolemia (38, 39) , should be used to a greater degree in preclinical translational work to accelerate clinical translation of novel regenerative therapies, including cell transplantation.
For clinical translation, we hypothesize that pediatric patients with inborn errors of metabolism of the liver are most likely to benefit from the significant advantages of ex vivo LV gene therapy when compared to other approaches being examined today. In contrast to AAV-mediated gene therapy, LV integration provides stable gene expression that is optimal for the treatment of pediatric patients in whom hepatocytes are actively dividing and growing. Furthermore, the recent clinical success in treating several primary immunodeficiency disorders using ex vivo gene therapy in hematopoietic cells sets a precedent for the use of LVmediated gene therapy in children (17, 18) . However, despite the clear demonstration of safety to date of LV in the clinic for primary immunodeficiencies, further work to test genotoxicity of LV in human hepatocytes is required before initiation of any clinical trials, particularly given the recent data on genotoxicity of other viral vectors, including AAV, in inducing hepatocellular carcinoma in rodent models (40) . Once this has been demonstrated, we believe that ex vivo hepatocyte gene therapy with LV will provide a lasting impact for the treatment of inborn errors of metabolism of the liver in children before their disease has a chance to reach an advanced state.
MATERIALS AND METHODS

Study design
Our study was designed to test the hypothesis that ex vivo gene therapy in primary hepatocytes could correct and ameliorate disease in a large animal model of metabolic liver disease. We chose to use a pig model of HT1 for this purpose for clinical relevance. As a preliminary proof of concept, we used the mouse model of HT1 to test the efficacy of the LV expressing Fah to correct disease. Mice were randomly assigned to each experimental group. For the primary study, we used four pigs. Biochemical and histopathology data for wild-type and Fah −/− pigs off NTBC were compiled from previous studies (12) . The use of historical controls and the low number of animals used were determined by the availability of this model and the need to comply with the regulations of the Institutional Animal Care and Use Committee at Mayo Clinic to limit the number of experimental animals. Investigators involved in histopathological and biochemical analyses were blinded. Investigators performing animal handling, sampling, euthanasia, and raw data collection were not blinded.
Animals and animal care
All animals received humane care in compliance with the regulations of the Institutional Animal Care and Use Committee at Mayo Clinic. Fah −/− mice (41) on the C57Bl/6J background were administered NTBC (Yecuris) in the drinking water at 8 mg/liter to prevent acute liver injury before transplantation. Fah −/− pigs were produced in a 50% Large White and 50% Landrace pig (12, 13) . NTBC was administered to the animals orally, mixed within a portion of daily chow rations. Pregnant sows were given 25 to 50 mg of NTBC per day for the duration of gestation. Initial testing of dose and efficacy determined that there was no difference between 25 and 50 mg per day; as a result, two pregnant animals received 50 mg of NTBC per day, whereas the later pigs received only 25 mg per day. Weaned piglets were administered NTBC (1 mg/kg) per day until hepatocyte transplantation. All animals were observed at least daily for clinical signs and symptoms consistent with HT1 and acute liver failure. All animals were weighed daily for the first month, twice weekly up to 3 months, and then weekly until the end of the study. Control animals, including wild-type and Fah −/− pigs, have been described previously (12, 14) .
Hepatocyte isolation, transduction, and transplantation All animals undergoing cell transplantation received a femoral arterial line placement to monitor blood pressure. In addition, body temperature, respiration rate, and heart rate were continually monitored and recorded. For ex vivo gene therapy, after a midline laparotomy, pigs underwent a segmental liver resection using a Cavitron Ultrasonic Surgical Aspirator to complete the parenchymal transection. About 10% of the liver was removed. The liver specimen underwent an ex vivo two-step perfusion, and hepatocytes were isolated as described previously (42) . Hepatocytes were transduced in suspension for 2 to 16 hours at the MOI indicated in table S1. Hepatocyte medium was identical to that described previously (9) , which included 10 mM dexamethasone (Sigma-Aldrich). After two centrifugation washes, hepatocytes were resuspended in saline at a concentration of 10 × 10 6 to 20 × 10 6 cells/ml and transplanted through a portal vein infusion. For percutaneous injection, the portal vein was identified by surface ultrasound using a 2-to 5-MHz transducer (SonoSite). Under ultrasound guidance, an 18-gauge needle was directed percutaneously into the portal vein for injection of hepatocytes (movie S1). For transplantation of allogeneic cells in pig Y502, hepatocytes were isolated and transplanted as above, except that no transduction with LV occurred. After transplantation, all animals received continuous monitoring of vital signs until they recovered from anesthesia and became fully ambulatory. For the sham control pig L768 who received no cells, no surgery was performed, and the animal was cycled on and off NTBC.
Mouse experiments were performed as described previously (9) . Briefly, hepatocytes were harvested from Fah −/− donor mice using a standard two-step collagenase digestion and centrifugal purification. Hepatocytes were cultured for 24 hours in six-well Primaria culture plates (BD Biosciences) during which LV-Fah was added at an MOI of 2000 LPs. Hepatocytes were trypsinized, and 0.5 × 10 6 cells were injected through the spleen into syngeneic Fah −/− mice.
PET imaging and analysis
Imaging was performed on the high-resolution GE Discovery 690 ADC PET/CT system (GE Healthcare). [
18 F]TFB was synthesized as described previously (43) . A single injection of [ 18 F]TFB was infused intravenously 75 min before scanning (dose of~11 mCi at time of injection). CT was performed at 120 kV and 150 mA, with tube rotation of 0.5 s and pitch of 0.516. PET was performed as a two-bed acquisition with 10 min per bed and 17 slice overlap, resulting in a 27-cm axial field of view. Coregistered images were rendered and visualized using the PMOD software (PMOD Technologies). Location of liver and spleen was determined from the CT image.
Histopathological analysis
For tissue analysis, samples were fixed in 10% neutral buffered formalin (PROTOCOL, Fisher Scientific) and processed for paraffin embedding and sectioning. For H&E staining and Masson's trichrome staining, slides were prepared using standard protocols. Quantification of fibrosis was performed on Masson's trichrome-stained slides by analysis of digital images using Aperio ImageScope software (version 12.1). Quantification of collagen positivity in 10 random areas measuring 2 mm 3 each was performed in each slide using the Positive Pixel Count algorithm that is altered with a hue value of 0.62, hue width of 0.40, and color saturation threshold of 0.005. IHC for FAH (44) and Ki67 (MIB-1; Dako) was performed with a BOND-III automatic stainer (Leica), with a 20-min antigen retrieval step using BOND Epitope Retrieval Solution 2 (Leica), and stained with diaminobenzidine (Leica). Quantification of Ki67 + cells was performed using Aperio ImageScope software Nuclear algorithm (version 9) in10 random areas measuring 0.25 mm 3 each. Terminal TUNEL staining was performed as described previously (45) using the ApopTag Peroxidase In Situ Apoptosis Detection Kit (Millipore).
Quantitative analysis of vector integration DNA was isolated from total liver using a DNeasy Blood and Tissue Kit (Qiagen). Primers (5′-CGAGATCTGAGTCCGGTAGC-3′ and 5′-CCGACCTCCCTAACCCTATG-3′) were designed to amplify integrated vectors in the pig genome. qPCR was performed with Bullseye EvaGreen qPCR MasterMix (MidSci) using an initial denaturation step at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and at 60°C for 60 s. Absolute copy number was determined using a standard curve ranging from 3.21 × 10 5 to 2.05 × 10 1 copies of the vector plasmid. All samples were run in triplicate using 150 ng of DNA.
Statistical analysis
Results are expressed as means ± SD or SEM, as stated in figure captions. Statistical analyses were conducted with GraphPad Prism software version 6. Experimental differences between two groups were evaluated by Student's two-tailed t test, assuming equal variance. For comparison of biochemical parameters between pigs, because of the lack of available animals required to perform a randomized study, differences between experimental animals were compared to historical controls using a twosided, independent t test with 5% type 1 error rate. Differences between multiple groups were compared using one-way ANOVA followed by Bonferroni's multiple comparisons test. P < 0.05 was considered statistically significant.
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